The emergence of third generation sequencing (3GS; long-reads) is making closer the goal of 16 chromosome-size fragments in de novo genome assemblies. This allows the exploration of new 17 and broader questions on genome evolution for a number of non-model organisms. However, long-18 read technologies result in higher sequencing error rates and therefore impose an elevated cost of 19 sufficient coverage to achieve high enough quality. In this context, hybrid assemblies, combining 20 short-reads and long-reads provide an alternative efficient and cost-effective approach to generate 21 de novo, chromosome-level genome assemblies. The array of available software programs for 22 hybrid genome assembly, sequence correction and manipulation is constantly being expanded and 23 improved. This makes it difficult for non-experts to find efficient, fast and tractable computational 24 solutions for genome assembly, especially in the case of non-model organisms lacking a reference 25 genome or one from a closely related species. In this study, we review and test the most recent 26 pipelines for hybrid assemblies, comparing the model organism Drosophila melanogaster to a non-27 model cactophilic Drosophila, D. mojavensis. We show that it is possible to achieve excellent 28 contiguity on this non-model organism using the DBG2OLC pipeline. 29
Introduction

32
Whole genome sequencing is a major target in evolutionary biology, because it provides the 33 material to study how a species' genome evolves. Notably, whole genome data provides the 34 opportunity to study recombination and large rearrangement events, differential molecular 35 evolution across the genome, and imprints of selection throughout the genome, ultimately 36 improving our knowledge of how species evolve and diverge (Ellegren 2014 , Rudman et al., 2018 . 37
To increase our understanding of such evolutionary processes, we need to expand the range of 38 studied organisms to non-model organisms, for which the access to well resolved genome 39 assemblies is often lacking. There is a constantly increasing panel of tools to assemble reads and polish genome assemblies. 49 molasses medium (Coleman, Benowitz, Jost & Matzkin, 2018) with 125 µg/ml ampicillin and 12.5 76 µg/ml tetracycline to reduce bacteria contamination of the sequencing data. The sequencing 77 methods for short-read data (paired ends and mate pairs) have been described in Allan & Matzkin 78 (2019) . Sequencing technologies and coverage for the different data sets are summarized in 79 Due to the long-read potential of PacBio Sequencing Systems, extra care must be taken during 83 extraction to produce high molecule weight DNA. Attempts at using both QIAGEN DNeasy Blood 84 &Tissue Kit and QIAGEN MagAttract HMW DNA Kit failed to produce sufficiently long strands 85 of DNA. As such, a chloroform-based extraction method was used. This relatively simple method 86 is low cost and the only specialized equipment needed is a refrigerated centrifuge. To consistently 87 recover enough DNA for two PacBio libraries, 150 flies of each sex were used for extraction. Flies 88 were starved for two hours in groups of 50 per vial and then frozen at -80° C in 1.5 mL tubes. A 89 lysis solution containing Tris HCI buffer 0.1M pH 8.0, EDTA 0.1 M pH 8.0, and 1% SDS was 90 prepared and stored at room temperature to prevent the SDS from precipitating. While on ice, 91 500 µL of lysis solution was added to each tube of flies, followed by 2.5 µL of QIAGEN Proteinase 92 K to reduce DNA degradation. Using a plastic pestle, flies in each tube were hand-homogenized 93 by gently grinding them. Hand homogenization resulted in slightly lower amounts of DNA 94 recovered, however the size of DNA fragments were longer compared to when using a battery-95 operated pestle motor to homogenize. The mixture was incubated at 65 °C for 30 min with gentle 96 mixing halfway through. To further reduce DNA fragmentation, tubes were cooled to 37 °C for 97 three minutes and another 2.5 µL of QIAGEN Proteinase K was added. Tubes were incubated for an additional 30 min at 37 °C. After incubation, 70 µL of 4 M potassium acetate was added, mixed 99 by inversion, and then placed on ice to incubate for 30 minutes. In a 4 °C Eppendorf 5920R 100 centrifuge, the tubes were spun for 30 min at 18,000 rcf to pull debris to the bottom of the tubes. 101
For each tube, the supernatant was transferred to new tubes avoiding as much debris as possible. 102
One volume of chloroform:isoamyl alcohol 24:1 was added to each tube and gently inverted 40 103 times, and then centrifuged at 4 °C for 5 min at 10,500 rcf. The upper phase was transferred to a 104 new tube while being careful to not disturb the interface. The DNA was precipitated by adding 105 350 µL of 2-propanol and gently inverting the tube. At this point visible threads of DNA were 106 apparent. To pellet the precipitate, the tubes were centrifuged at 4 °C for 5 min at 10,500 rcf. The 107 supernatant was discarded and the pellet was washed with 1 mL of room-temperature 70% ethanol. 108
The tube was inverted to insure washing of the pellet and tube. A final 4 °C centrifugation for 109 2 min at 10,500 rcf was performed. The ethanol was removed with a pipettor as completely as 110 possible and the pellet dried for 10-15 min in a fume hood. 30 µL of Tris-EDTA pH 8.0 was added 111 to each tube to resuspend the DNA. While the pellet normally goes into solution relatively easily, 112 it can be placed at 4 °C overnight to insure resuspension. The six tubes were then combined to a 113 single tube and 3 µL of QIAGEN RNaseA was added and incubated for 30 min at 37 °C. 
(i) Hybrid assembly 168
DBG2OLC uses contigs from a short-read assembly and maps them to the raw long-reads, which 169 are then compressed into the list of the short-read's contig identifiers . A best 170 overlap graph is constructed from those compressed long-reads before uncompressing them into a 171 consensus sequence. This method is both highly accurate and extremely fast . 172
Then, the consensus contigs, or backbones are corrected using Sparc . Sparc 173 builds a sparse k-mer graph (k-mers in different positions are treated independently) using the 174 contigs identifiers' list associated with each raw long-read. All short-read contigs are then aligned 175 to their associated long-read using the Blasr aligner from the PacBio SMRT toolkit (SMRT Link 176 v4.0.0), previously Pbdagcon, which is the most time-consuming step. Sparc finally uses these 177 alignments to refine the graph and create a polished consensus sequence. In the present study, we 178 tested two competing short-read assemblers, SparseAssembler (provided with the DBG2OLC 179 installation package) ( as other assemblers, notably by using an adaptive kmer weighting which both improves the 215 efficiency and the quality of the assembly of highly repetitive genomic regions. We tested two 216 parameters for the correctedErrorRate: 0.039 vs. 0.055 (low end and middle value of 217 recommended range, Table 3 , Koren et al., 2017) . Note that this adjustment is limited by coverage, 218 and thus intrinsic to the analyzed data set. We ran the three Canu steps (correction, trimming and 219 assembly) separately using the options -correct, -trim and -assemble (see Appendix) to optimize 220 the assembly step without running again the first two steps. Similarly to the hybrid assembly, the 221 long-read only assembly was polished using both Quiver and Pilon. 2004) to align the two assemblies and find the unique best alignment (using the -delta-filter option 227 in MUMmer). Quickmerge then identifies high confidence overlaps between the two assemblies 228 to find seed contigs (i.e., contigs that can be extended at both ends). Finally, it merges the 229 overlapping contigs using sequences from the reference (donor assembly) into the query (acceptor 230 assembly). The optimization consisted of trying both the hybrid and long-read assemblies as 231 reference vs. query, and varying the l and lm cutoff parameters in Quickmerge (Table 3) . Lastly, 232 the merged assembly was polished using Quiver and Pilon. 233 234
Test of the DBG2OLC pipeline with Nanopore long-reads
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We ran the DBG2OLC pipeline on CAT sequencing data using Nanopore reads instead of PacBio 236 reads for the long-read only assembly, the hybrid assembly, and the polishing steps. We used the 237 optimal parameter set (2.4.1; P6), except for Canu, for which we had to increase the 238 correctedErrorRate to 0.055 to recover 97% of the genome, while we could recover only 51% 239 using a correctedErrorRate of 0.039. Instead of Quiver, we used Nanopolish version 0.11.0 240 for SON: the hybrid assembly as query; l = 1 Mb and lm = 10,000 bp (Table 3) . 305 306 
Results and Discussion
Short-read assembler 316
Platanus and SparseAssembler with a kmer size of 53 bp resulted in very similar assemblies; 317
SparseAssembler with a kmer size of 39 bp led to reduced contiguity; and applying two successive 318 rounds of SparseAssembler 53 bp-Kmer size did not improve the short-read assembly. In the final 319 merged assemblies, the use of SparseAssembler always led to slight decrease in contiguity 320 (comparing P3 to S3 and P6 to S6 for both Dmel and SON, Table 4 ). SparseAssembler slightly 321 reduced error rates but also BUSCO scores for Dmel, with limited effects for SON ( Fig. 3B) . We 322 also observed that differences in P6 and S6 for SON mainly resided in highly repetitive regions. 323
Since Platanus is especially recommended for genomes with high level of heterozygosity, which are more likely in non-model organisms, we used Platanus for all the subsequent assemblies in this 325 study. 326 MinOverlap up to 150 (the maximum recommended value for more than 50x coverage of PacBio 342 reads) led to an optimal lower number of misassemblies (P2 vs. P6). 343
344
AdaptiveTh had little influence, except when MinOverlap was kept low: it decreased contiguity 345 and accuracy (P2 vs. P0). For assemblies with high MinOverlap, we found that P3 was less 346 fragmented than P4, P5 or P6 for SON and P4 was the least fragmented for Dmel. P6 was the best compromise between contiguity and accuracy for SON, with the highest BUSCO score. P4 was 348 the best compromise and with the highest BUSCO score for Dmel. Although coverage in both 349
Illumina short-reads and PacBio long-reads was lower in SON than Dmel (Table 1) , the quality of 350
PacBio long-reads was higher (longer reads thanks to DNA extraction protocol, and more recent 351
PacBio technology), which might have facilitated the better results with the more stringent 352
AdaptiveTh. Therefore, for PacBio data sequenced with the newest technology and coverage 353 higher than 50x, we recommend to use the most stringent value for AdaptiveTh, of 0.020. 354
355
High KmerCovTh values resulted in major global misassemblies in SON (assessed with Mummer 356 plots, not shown), with the largest fragment longer than the theoretical longest fragment in the 357 Reference assembly (P4y vs. P4 and P6y,x vs. P6). It also caused a slight increase in error rates 358 and a slight decrease in BUSCO score. In Dmel, no major global misassembly was detected, 359 however error rates were higher and BUSCO scores slightly lower. We recommend to use 360 KmerCovTh = 2, especially when using high AdaptiveTh. Using ContigTh = 1 had similar 361 effects (major global misassemblies; P6g vs. P6 for SON) than high KmerCovTh values, so we 362 recommend not using it. 363 364 Increased MinLen from 200 to 2,000 resulted in a slight increase in contiguity for both Dmel and 365 SON (PX vs. PXa). Error rates and BUSCO scores were not notably different, unless MinLen was 366 increased up to 5,000 in which too many reads were parsed out, leading to higher error rates. 
Canu parameters 382
Increasing correctedErrorRate from 0.039 to 0.055 slightly increased contiguity of the merged 383 assembly (P4q vs. P4r for Dmel and P6q vs. P6r for SON; Table 5 ). However, it also increased 384 error rates overall, and decreased the BUSCO complete genes score, especially for SON. We 385 therefore recommend to keep the Canu correctedErrorRate as low as possible, to 0.039. 386 387
Quickmerge parameters 388
Parameters used in Quickmerge are shown in Table 3 , and results in Table 5 . Using the long-read 389 assembly as the Query assembly resulted in a strong decrease in contiguity compared with the 390 opposite (P4s vs. P4q for Dmel and P6s vs. P6q for SON). It also considerably increased error 391 rates for both species, and slightly decreased BUSCO complete gene score for SON. Similarly to 392
We also tested the impact of the l and lm parameters. Using low lm with high l resulted in identical 395 assemblies (P4p vs. P4 for Dmel and P6p vs. P6 for SON) since backbones were already parsed 396 out due to high lm. Also, using lm = N50 or l = N50/2 resulted in identical assemblies for Dmel. 397
Otherwise, decreasing l resulted in lower number of fragments but higher error rates. However, 398 using a too high lm value would prevent smaller fragments from being merged, this is why we 399 recommend an intermediate value of 1 Mb (P6fn"). 400 401
Polishing 402
Polishing with both Quiver/Arrow and Pilon did not affect the contiguity (number of fragments, 403 N50, and largest fragment; Table 6 , Fig. 3 ) for either species. Conversely, it significantly reduced 404 the number of indels on hybrid, long-read and merged assemblies. The number of mismatches was 405 also reduced to a lesser extent. One drawback was the increase in number of misassemblies, except 406 for the merged assembly. Finally, polishing increased the BUSCO score, especially on the hybrid 407 assembly. 408 409
Test of the DBG2OLC pipeline with Nanopore long-reads 410
Compared with Miller et al. (2018) , the CAT merged assembly was more contiguous and with a 411 higher BUSCO score, but with higher error rates ( were less contiguous but with higher BUSCO scores (CAT-P6r" vs. SON-P6n" and CAT-P6fr" vs. 414 SON-P6fn"). These results show that the DBG2OLC pipeline outperforms other ones in terms of 415 contiguity using either PacBio or Nanopore long-read data.
Benefits of using the DBG2OLC pipeline and demonstration of effectiveness on a non-418 model species 419
By merging hybrid and long-read only assemblies, we considerably increased the contiguity 420 compared with that of the hybrid assembly or the long-read only assembly (Table 6, cell $1,750 [would only need 1/6 th of a cell for D. mojavensis]), therefore the de novo assembly 432 described in this study could be built for less than $1,000. 433
434
One major improvement of the merged assembly (P6fn") in SON is that the 2q 5 inversion in the 435 Müller element D (described in Ruiz, Heed & Wasserman, 1990 ) is now resolved, with the two 436 breakpoints clearly bridging the three chromosome parts (Fig. 4) . This was not the case in the 437 hybrid assembly or the long-read only assembly (not shown). The Müller elements B, D and E in 438 our merged assembly P6fn" are in one piece and correspond to 99.24%, 99.11% and 96.67% respectively of the corresponding chromosomes in the CAT reference genome. The Müller element 440 C was composed of three pieces in P6fn" accounting for 99.94% of the length of the Müller element 441 C in the CAT reference, and the Müller element A was more fragmented, as is also the case in the 442 CAT reference genome and all fragment lengths summed up to 94.77% of the total size in the AT 443 reference. However, in the CAT reference genome, D was in two fragments that were joint in our 444 assembly. 445 446
Conclusion
447
In the not too distant past genomic analysis was limited to just a set of a few model laboratory 448 species. Although this has led to unprecedented advances in our understanding of genetics and 449 genomics, in many instances such studies lacked an ecological context. Genome assemblies of 450 non-model species tended to be more fragmented or tended to be built using a genome from a 451 related model species, which is problematic if interested in trait mapping or genome structure 452 evolution. Current sequencing and computational advancements have liberated our dependence on 453 classical laboratory model species. Here we have outlined a widely applicable computational 454 pipeline and sets of parameters to facilitate the construction of chromosome or nearly-chromosome 455 level genomic assemblies in a non-model species. Overall, our PacBio merged assembly performed 456 better than using Nanopore reads, but more work is still needed to assess any differences across 457 multiple species, especially with newer advances to the sequencing platforms. 458 459
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